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We have built a scanning acoustic rnicroscope operating in the 3-10 MHz range 
that measures both amplitude and phase [1,2]. This enables us to do image processing 
that cannot be done with amplitude or phase alone. We have demonstrated numerical en-
hancement of the transverse and depth resolution of the microscope. The transverse reso-
lution is increased by approximately 20% and the depth resolution is doubled. We have 
applied this technique to measuring the profile of deep trenches (2 mm wide by 5 mm 
deep) which were designed as scale models of integrated circuit capacitors (2.5 11m wide 
by 6 11m deep). These techniques could be used to characterize integrated circuits with 
an acoustic rnicroscope operating at higher frequencies or with an optical microscope that 
measures amplitude and phase. 
In previous papers [3], we have demonstrated numerical enhancement of the 
transverse resolution of the acoustic microscope for quasi-planer objects. Many objects of 
interest have an elaborate structure in three dimensions. Consequently, we need to 
generalize the theory of image formation. Most of the concepts presented previously have 
direct counterparts when scanning in three dimensions as compared to two. A method that 
combines images formed at slightly different frequencies gives even better depth resolu-
tion. 
Three-Dimensional Spatial Frequency Response (SFRl 
To first order, the acoustic image formed is simply a convolution of the object with 
the rnicroscopes point spread function (PSF), also called its impulse response [4]: 
g(x) = h(X) *** f(x) (1) 
This implies that the impulse response is spatially invariant in the z-direction, which means 
that the objects that are imaged are embedded in a uniform medium, such as water. We 
also assurne that there is very little shadowing of deep features in the sampie by features 
doser to the transducer. By Fourier transforming, we find that in the spatial frequency 
domain (SFD), the convolution becomes a product: 
(2) 
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The transducer's two-way impulse response h is simply the product of the 3-dimensional 
transmitting and receiving impulse responses slO and sOl: 
(3) 
To get an idea of what the microscope's imaging spectrum looks like, observe that in the 
3D spatial frequency domain Eq. (3) is a convolution: 
HCi) = s Ci) *** s Ci) 10 01 (4) 
SIO and SOl are the three-dimensional generalizations ofthe two-dimensional transmit-
ting and receiving spectra described by Kerns [5]: 
where kro is the acoustic wave number at frequency ro. A given kx and ky determine 
kz . The base of support is a seetion of the surface of the sphere given by: 
(6) 
Its extent down ward is limited by the F# of the transducer. SOl has the same base of 
support. When the two are convolved, as shown in Fig. 1, the base of support is double 
the height and width of the one-way response, and includes the region lying within that 
shell. The two-way base of support is thus bounded by a sphere with twice the radius: 
(7) 
The bottom is still determined by the F# of the transducer with the dimensions being twice 
what they are für the üne-way spectra. 
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Fig. 1. Convolution of transmitting and receiving spatial frequency responses. Each is a 
delta function shell. 
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Tmnsducer Characterization by Scanning Wires 
In order to simplify experimental testing of the 3D image processing schemes, one 
of the transverse dimensions was ignored. Dnly sampies that were uniform along one of 
the directions, say the y axis, were looked at, such as wires and deep trenches. This way 
the object will only have a non-zero spectrum for ky = 0 and three dimensions reduces 
to two, except one is depth. This greatly reduces the amount of data and computation 
needed when testing signal processing techniques. 
The transducer was characterized by scanning a thin wire strung along the y-axis. 
For such a wire, the reflectance function is given approximately by a delta function. Fig-
ure 2a shows a typical SFR determined by Fourier transforming the result of scanning a 
wire. The top of the base of support (the non-black region) corresponds to the circ1e in 
Eq. (7). The bottom is determined by the F# of the transducer. 
(a) 
(c) 
Fig.2. 
(b) 
(d) 
Enhancement of three-dimensional spatial frequency response. Vertical axis is 
kz ; the horizontal axis is kx . (a) Original SFR of F2@3 MHz. (b) Single-
frequency enhanced SFR. (c) Multifrequency SFRs superimposed. (d) Multi-
frequency enhanced SFR. 
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Three-Dimensional Resolution Enhancement 
We can use the same schemes that were used in two dimensions in order to nu-
merically change the effective spatial frequency response ofthe microscope. We Fourier 
transform the images to the spatial frequency domain. An image spectrum corresponding 
to a desired SFR is given by: 
G (k) = H (kh(k) 
opt opt (8) 
where Hopt is the desired SFR and Gopt is the desired image spectrum. The desired im-
age spectrum is obtained from the measured image by dividing Eq. (8) by Eq. (2): 
(9) 
where the base of support of Hopt is a subset of that for the original H. The desired 
image is obtained by Fourier transforming Gopt into the space domain. Figure 2b 
shows the enhanced SFR that was chosen. The base of support is an ellipse where the 
target SFR is constant in amplitude and phase, except that the edge has a cosine squared 
taper. 
Figure 3 shows a comparison of the originalline spread function of the transducer 
with the enhanced line spread function. The transverse resolution has been increased no-
ticeably, but the depth resolution has been more than doubled, as shown in Fig. 4. 
This dramatic improvement in resolution can be better understood by looking in the 
spatial frequency domain. Figure 5 shows that the spectrum falls off rapidly as kz dif-
fers from k, and that the effective width of the useful spectrum can be numerically dou-
bled. 
(a) (b) (c) 
Fig. 3. Enhancement of three-dimensionalline spread function. Vertical axis is z; 
horizontal axis is x. (a) Original LSF of F2@3 MHz. (b) Single-frequency 
enhanced LSF. (c) Multifrequency enhanced LSF. 
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Fig. 4. Line scans of three-dimensionalline spread function. (a) Comparison of original 
and enhanced LSF of F2@3 MHz along x-axis. (b) Along z-axis. 
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Fig. 5. Spatial frequency response along kz axis. 
Deep Trenches in Aluminum 
Resolution enhancement was applied to the images of deep trenches of Fig. 6 in 
order to get a better profile measurement. The trench was designed to simulate a vertical 
capacitor in an integrated circuit (2.5 11m wide by 6 11m deep). This technique could be 
scaled up in frequency to characterize integrated circuits with an acoustic microscope 
operating at 2.5 GHz, or with an optical microscope that measures amplitude and phase 
[6]. 
Figure 7 shows the original acoustic image compared to the enhanced image. The 
enhanced image qualitatively looks much sharper, showing the location of the bottom of 
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the trench much more c1early. Comparing line scans in Fig. 8 shows that the quantitative 
improvement has been dramatic. The transverse profile of the trench, when focused both 
on the top and on the bottom, has been improved noticeably. The most dramatic improve-
ment is shown in the depth scan of the bottom of the trench. In the original image, the 
peak corresponding to the bottom occurs at z = -7 mm and there is another peak 
corresponding to the top surface. The enhanced image locates the bottom c10ser to the 
correct location at z = -5 mm, with litde interference from the top surface. 
Fig. 6. Schematic of deep trench in aluminum. 
(a) (b) (c) 
Fig. 7. 3D resolution enhancement of trench. Vertical axis is z; horizontal axis is x. 
(a) Original F2 at 3 MHz . (b) Single-frequency enhancement. (c) Multi-
frequency enhancement. 
722 
2x5 mm Trench 
20 F2@3MHz z=Omm 
Q) Original 
20 2x5 mm Trench F2@3MHz 
Q) 115 ] I z=-5mm ] , =~/~nhann-;;ced 
.,-l 
~ 10 
~' 1 
.~ 110 ~ f\f\ "Or~l 
~~d ::;:: 5 
I, ' 
-6 -4 4 6 
(a) 
1°f 
~ B 6 
.,-l 
ß, 
t\l 
::;:: 2 
2x5 mm Trench 
F2@3MHz 
(c) 
\ '"~~ 
:6 -4 -2 0 2 4 6 
x(mm) 
(b) 
Fig. 8. Line scans for Fig. 7. (a) z = O. (b) z = -5 mm. (c) x = 0, thru the 
middle of the trench. 
Resolution Enhancement by Sweeping Frequency 
Increased depth resolution can be obtained by taking images at more that one fre-
quency and combining the results. This is similar to radar in that it effectively uses time 
delay information to get depth resolution. It is different in that it combines this with the 
inherent depth resolution of a focused transducer. 
How this can be done is most easily visualized in the spatial frequency domain. 
The ultimate depth resolution that can be obtained is determined by the range of spatial 
frequencies that are covered by the transducer's spatial frequency response (SFR). Recall 
that this range is called the base of support of the SFR, as shown in Fig. 2a. An object's 
spectrum outside this region is not measured by the microscope. This range of spatial fre-
quencies limits the resolution that can be obtained' The top edge of the SFR corresponds 
to the circle separating propagating and evanescent waves, described by Eq. (7). 
The bottom edge is determined by the F# of the transducer. If the transducer is 
operated at a different frequency, the base of support will be shifted in the kz direction. 
Figure 2c shows the bases of support for a microscope operating at four different fre-
quencies superimposed. The images formed by operating the microscope at different fre-
quencies can be combined to cover a broader range of spatial frequencies along the kz 
dimension. A method for combining images can be developed by considering the images 
formed by the transducer operating at different frequencies: 
(10) 
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For each spatial frequency k, this can be viewed as a matrix equation relating the object 
to the measured images, where the the matrix is indexed by O>j: 
(11) 
In matrix notation this is: 
G =H F 
k k k (12) 
This can be solved using the method of least squares to give: 
(13) 
A suitable target SFR is chosen whose base of support is a subset of the combined re-
sponses. Figure 2d compares this target SFR with the original SFR for a transducer op-
erating at a single frequency. Figure 3c compares the enhanced point spread function of 
the rnicroscope operating at one frequency vs. at four frequencies. The spacing between 
frequencies should be smail enough so that the gap between the upper edge of one SFR 
and the bottom edge of another does not extend too far inward. The shift in the kz direc-
tion is proportional to the frequency shift: 
Me = 2ßro 
c 
(14) 
For an F2 transducer operating around 3 MHz. the width of kz was measured 
to be Me = 21t x O.25/mm. In order to shift the base of support by this width, the fre-
quency must be shifted by 187.5 kHz. The actual frequency shift should be less than 
this in order to allow for overlap in the bases of support. A frequency shift of only 
75 kHz will enable a substantial increase in the depth resolution for an F2 transducer, 
while still allowing for adequate overlap of the spectra. 
Figure 7c demonstrates multifrequency resolution enhancement for imaging the 
deep trench. The depth resolution has been increased by a factor of two over single fre-
quency enhancement, and by a factor of five over the unenhanced image. 
CONCLUSION 
Using the additional information available with an acoustic rnicroscope that mea-
sures phase as weil as amplitude, allows image processing that cannot be done with am-
plitude alone. The effective resolution can be increased in the transverse resolution and 
doubled in the vertical direction by Fourier deconvolution of experimental images taken at 
a single frequency. By combining images taken at c1osely-spaced frequencies, the effec-
tive depth resolution can be dramatically increased further. These techniques were applied 
to images of a deep trench designed as a scale model of vertical capacitors in integrated 
circuits. If phase is measured, they could be applied to a confocal optical microscope or to 
a high-frequency acoustic rnicroscope. 
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